Background. Aflatoxins are common contaminants of staple foods in sub-Saharan Africa. These toxins are human liver carcinogens, especially in combination with chronic infection with hepatitis B virus. However, in an agricultural setting, the effects on growth, immune status, and susceptibility to infectious disease in farm animals are also well recognized. These latter effects have been far less explored in human populations.
Background
Mycotoxins are fungal metabolites contaminating up to 25% of the human food supply [1] . The aflatoxins are one family of mycotoxins produced by Aspergillus spp. They include aflatoxin B1 (AFB1), AFB2, AFG1, and AFG2 and are frequently found in cereals, oilseeds (including groundnuts), and tree nuts in parts of the world where the tropical climate facilitates growth of this fungal genus. Although climatic conditions do not restrict the occurrence of aflatoxin to developing countries, in practice high-technology agriculture and the presence and enforcement of regulatory controls in developed countries translate to exposures that are typically low and sporadic. In developing countries, in contrast, there is little emphasis on combating aflatoxin and there are few regulatory controls and limited means of enforcement. In addition, the agricultural practices are quite different in developing countries, where 60% to 85% of the population are subsistence farmers and thus are all but beyond the reach of a regulatory approach to aflatoxin control. As a consequence of the juxtaposition of climatic conditions, agricultural practice, and economic reality, aflatoxin exposure is primarily a problem faced by the world's poor.
Since their discovery in the early 1960s, the focus with regard to aflatoxins and human health has been firmly on their association with the risk of liver cancer, specifically hepatocellular carcinoma. Data from a number of different animal species and epidemiological evidence led to aflatoxin's being classified by the International Agency for Research on Cancer as a Class 1 human carcinogen [2] . The risk of hepatocellular carcinoma is particularly elevated in individuals exposed to aflatoxins and chronically infected with hepatitis B virus (HBV) [2] . Hepatocellular carcinoma is the most common cancer in many parts of sub-Saharan Africa and Southeast Asia, including China, with up S373 Aflatoxin exposure in developing countries to 10% of all adult male deaths being attributed to this disease. The basis of risk assessments to set acceptable levels of aflatoxin exposure has therefore been the link to liver cancer.
Aside from liver cancer, there have also been occasional reports of acute human aflatoxicosis, leading to death shortly after exposure [3] . For example, in 2004 the consumption of heavily aflatoxin-contaminated maize in Kenya was linked to more than a hundred deaths [4] . In a survey of maize samples from the region, 35% had aflatoxin levels greater than 100 µg/kg and 7% exceeded 1,000 µg/kg [5] . In fact aflatoxin levels greater than 100 µg/kg are common in foods in parts of Africa, whereas permitted levels in Europe and North America are generally less than 20 µg/kg and are as low as 4 µg/kg in the European Union [6] .
An anomaly with respect to the epidemiology of aflatoxin-related disease in humans is the relative lack of attention paid to effects commonly seen in farm animals. For example, in animals fed on aflatoxincontaminated feed, marked effects on growth are well recognized [7] . In fact the adverse effects on growth of poultry, swine, and other species are a primary concern, with recognition of the link between aflatoxin consumption, the lower efficiency of food use, and reduced feed intake. In a recent review it was estimated that for each increase of 1 mg/kg aflatoxin in the diet, the growth rate would be reduced by 16% in swine and 5% in broilers [7] . AFB1 impairs development and increases mortality in chicken embryos [8] and results in reduced body weight in broilers [9] . Marin and colleagues reported a reduction in weight gain in piglets fed 140 or 280 µg AFB1/kg body weight for 4 weeks [10] . These and other studies provided convincing evidence that aflatoxins impair growth and development in animals. However, until recently the literature on human exposure to aflatoxins has been silent on this point.
In a similar vein, the effects of aflatoxins on immune status in animals fed contaminated feed have been described and studied experimentally, with effects on cell-mediated immunity, response to vaccines, and susceptibility to infection being highlighted [11] . However, until recently this body of information has not stimulated a great deal of research in human populations. Evidence for the immune suppressive action of aflatoxins in humans is consequently limited. In in vitro studies, extremely low doses (0.05-0.1 pg/ml) of AFB1 were shown to decrease phagocytosis and the microbicidal activity (against Candida albicans) of human monocytes [12] as well as to decrease the secretion of interleukin 1, interleukin 6, and tumor necrosis factor-α [13] . Some recent population work on this topic is emerging but to date is of limited scope (see Aflatoxins and child health: Underlying disease mechanisms, below).
One can speculate on the reasons for this apparent disconnection between the fields of aflatoxin research in human health and agriculture. First, aflatoxins are potent liver carcinogens and there was a great deal to be learned about their role in cancer, including the interaction with HBV. For someone with an interest in aflatoxins and human health, there was no need to look further than liver cancer to identify important research questions in need of answers. Second, aflatoxins were shown to be genotoxic, and there consequently emerged a solid mechanistic basis to the understanding of hepatocarcinogenesis. In contrast, studies on the growth or immune suppressive effects of aflatoxin remained largely phenomenological, since these data were sufficient to deal with the practical consequences of exposure and adverse effects at the farm level. Thus, the study of immune suppression or growth impairment, in comparison with carcinogenesis, presented greater demands on the researcher for novel work to provide an understanding of unrecognized mechanistic pathways. Third, and perhaps of most significance for this Special Issue of the Food and Nutrition Bulletin, the health and agriculture communities have had a tendency to operate in isolation. This was evident not only in the different diseases that were studied in animals and humans but also with respect to the motivation for aflatoxin reduction and therefore the approach to this subject. In agriculture the aim was generally to have a food commodity or farm animal acceptable to the market. As a consequence, practices to reduce aflatoxins were adapted to large-scale farming, often with an eye to export, international trade, and meeting aflatoxin regulations, rather than to the small-scale farms in the communities where the adverse human health effects are most evident. Finally, the existing separation between health and agriculture was reinforced by largely separate funding streams, scientific conferences, journals, learned societies, and so forth, which did not naturally enhance cross-disciplinary working.
Objectives
The aim of this article is to review some of the more recent work on aflatoxins where the health outcomes seen in the agricultural setting, including growth impairment and immune suppression, have been investigated in human populations in West Africa. I will also consider how knowledge gained about aflatoxins in the agricultural setting can be used to design intervention studies in human populations. This interdisciplinarity is vital in order to begin to address the need for aflatoxin reduction in subsistence farming communities.
Aflatoxin exposure early in life
Of the 11 million annual deaths of children under 5 S374 C. P. Wild years of age worldwide, some 40% occur in sub-Saharan Africa [14] . Child morbidity and mortality are around 30-fold higher than in industrialized nations, with 175 deaths per 1,000 live births. The major causes of death in these children are diarrhea, pneumonia, malaria, and neonatal disorders [15] . These problems are associated with poverty, including insufficient and poor-quality food and a high prevalence of malnutrition. Undernutrition and growth faltering have been identified as underlying causes of around 50% of the deaths linked to infectious diseases in sub-Saharan African children [14] . Notably, growth faltering and micronutrient deficiencies are associated with decreased immune and non-immune host defenses that increase susceptibility to the above infectious diseases [16, 17] . Therefore, if aflatoxins contribute to growth faltering and immune impairment in children, as in animals, then these dietary toxins may make a far greater contribution to the burden of morbidity and mortality in developing countries than through liver cancer alone. Given the growing belief that early life exposures influence health and disease later in life [18] , aflatoxin exposure in children should receive more attention in developing countries. This point was highlighted by a recent report on aflatoxins by the World Health Organization and the US Centers for Disease Control [19] .
Aflatoxin exposure certainly begins early in life in West Africa. Aflatoxins are able to cross the placental barrier and react with cellular macromolecules, suggesting the potential for biological effects in utero [20] . Exposure continues in infancy. For example, in The Gambia and Guinea, the prevalence (> 90%) and levels of aflatoxin exposure in children as young as 3 years of age are similar to those observed in adults from the same populations [21] [22] [23] [24] [25] [26] [27] [28] . This is because children are introduced to weaning and family foods early in life, and these common foods, such as maize, are contaminated with aflatoxins. In fact, aflatoxin-albumin adducts (AF-alb), a biomarker of recent past (2 to 3 months) aflatoxin exposure [29] , were detected in sera of Beninese children less than 1 year of age [30] .
The pattern of aflatoxin exposure in early infancy is dynamic, as the infant is weaned from breastmilk, which has low aflatoxin levels, to weaning and family foods that can be highly contaminated [30] [31] [32] . It is striking that weaning food, typically thin cereal gruel made from maize, sorghum, or millet, is introduced early in West Africa, sometimes by 2 months of age. The nature of the weaning food, the relative quantities as compared with breastmilk, and the duration of weaning before introduction of family foods will all impact on the amount of aflatoxin exposure at this potentially critical period in life. More research is needed as to the relative contamination of different cereal-based weaning foods with aflatoxins and the consequent influence on exposure.
Childhood aflatoxin exposure and impaired growth
Some early studies suggested a link between childhood aflatoxin exposure and kwashiorkor [33] , but limitations in study design made interpretation of these data difficult [3] , and the question remains unresolved. More recently AF-alb has been used as a biomarker to explore the association between aflatoxin and child growth in Benin and Togo in West Africa [30] [31] [32] . These studies are summarized briefly below.
Initially, in a cross-sectional study, a total of 480 children (aged 1 to 5 years) were recruited randomly from 16 villages in four different geographic zones in Benin and Togo. AF-alb adducts were detectable in 99% of the samples, with a geometric mean level of 32.8 pg/mg albumin (range, 5 to 1,064 pg/mg). The mean weight-for-age z-score (WAZ), height-for-age z-score (HAZ), and weight-for-height z-score (WHZ) in these children were all below zero, with a 33% prevalence of stunting (HAZ < -2) and a 29% prevalence of underweight (WAZ < -2) [31] . What was most striking from the study was the inverse association between AF-alb and growth, with children who were stunted (low HAZ) or underweight (low WAZ) having mean AF-alb levels 30% to 40% higher than children with normal z-scores. In a categorical analysis, the association with AF-alb was again significant, with clear dose-response relationships with HAZ and WAZ ( fig. 1) [30, 31] .
To further explore this novel finding, an 8-month longitudinal study was conducted in some of the same areas in Benin. Two hundred children aged 16 to 37 months were recruited from four villages, of which two were previously characterized with high and two with low aflatoxin exposure (50 children per village). AF-alb levels; anthropometric measurements; information on weaning foods, weaning practices, and food consumption; and various demographic data were 
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Aflatoxin exposure in developing countries obtained at recruitment (February) and at two subsequent time points (June and October). Two possible dietary confounding factors, vitamin A and zinc, were also taken into consideration but were not associated with growth parameters or aflatoxin biomarker levels. Consistent with the earlier cross-sectional study, there was a strong negative correlation (p < .0001) between AF-alb and increase in height over the 8-month followup; the highest quartile of AF-alb levels was associated with a mean reduction in height increase of 1.7 cm over the study period as compared with the lowest quartile (table 1) [32] . This study further supported the hypothesis that aflatoxin exposure is associated with growth impairment, in particular stunting, in young children.
Aflatoxins and child health: Underlying disease mechanisms
Despite these observations, the mechanism(s) by which aflatoxin may affect child growth are unknown. One possibility is that immune suppression could increase susceptibility to infectious disease and thus affect growth indirectly [11] . In animals, aflatoxin exposure results in an increased susceptibility to bacterial and parasitic infections and an adverse effect on acquired immunity, as evidenced following experimental challenge with infectious agents after vaccination [34] . The immune system of the newborn has also been shown to be affected by maternal exposure to aflatoxin in a variety of species, including the pig, rat, chicken, and rainbow trout [11] . In studies of HBV infection in newborn ducklings, we observed an increase in viral replication when AFB1 was administered at the time of viral infection, a result providing some experimental support for an effect of aflatoxin exposure on the immune response to infectious agents [35] .
In studies in human populations, aflatoxin-exposed children in The Gambia exhibited reduced salivary sIgA, a vital component of mucosal immunity [26] , whereas in Ghana aflatoxin exposure was associated with a reduced percentage of certain leukocyte cell populations [36] . In earlier work in The Gambia we also reported the higher prevalence of Plasmodium falciparum parasitemia in children with high AF-alb, a finding consistent with an increased susceptibility to infection [21] . However, in Gambian children there was no link between aflatoxin exposure and either cell-mediated immunity (measured by skin tests) or antibody titers to two vaccines [26] , even though impairment of both humoral and, particularly, cellmediated immunity was commonly observed in animal studies [3, 11] .
Part of the problem with the studies of aflatoxins and immune status in human populations to date is that they were often not of optimal design, with limited numbers of subjects and no longitudinal follow-up to relate aflatoxin exposure temporally to immune status and subsequent incidents of infection. In addition, careful attention to the many confounding factors that can affect immunity is needed when trying to delineate the effects of aflatoxins from the many other contributing exposures.
The reduction in sIgA seen in Gambian children is, however, of particular interest. In saliva, breastmilk, tears, and mucus of the bronchial, genitourinary, and digestive tracts, sIgA binds to bacterial and viral surface antigens, providing an important component of the mucosal barrier. This may be important in relation to an alternative mechanism of aflatoxin-mediated impairment of child growth, namely, a direct toxic effect on the intestinal epithelium. In this regard, it is notable that the CYP3A enzymes that bioactivate AFB1 to a toxic metabolite are expressed in human intestinal epithelium [37] , providing the potential for a toxic effect in situ.
In parallel studies in West Africa, Lunn and colleagues [38, 39] reported a marked change in intestinal membrane permeability ("leakiness") in children as weaning foods are introduced, and this leakiness was associated with an intestinal enteropathy and subsequent growth faltering. This disorder is characterized by villous shortening, crypt hyperplasia, and lymphocyte infiltration [39] [40] [41] [42] . These children also exhibit decreased absorption of sugars [43] , probably as a consequence of the decrease in intestinal surface area, and elevated inflammatory markers [40, 41] .
One hypothesis is that recurrent exposure to a combination of infectious agents and mycotoxins from ingestion of unhygienic food damages the intestinal epithelium, thus at least partially explaining the observations of Lunn and colleagues of a chronic inflammatory state, lowered resistance to systemic infection, and abnormalities in nutrient absorption [38, 39, 44, 45] . In Gambian children, it was calculated that chronic inflammatory enteropathy could explain around 40% of the growth faltering in the first 18 months of life [38, 39] . It was notable that nutritional supplementation had only a modest effect on child growth during this period [46] , a finding consistent with the problem's being more than simply inadequate nutrition. In preliminary studies we observed altered permeability in aflatoxintreated differentiated human intestinal cell monolayers, a finding consistent with the potential of aflatoxin to compromise intestinal integrity in vivo (Gratz and Turner, unpublished data). Potential targets for aflatoxin toxicity are the intestinal tight junction proteins, which are closely related to permeability function [47] , or proteins involved in nutrient uptake [48] .
In addition to susceptibility to infections (through compromised intestinal barrier function) and impaired nutrient uptake (through reduced epithelial absorption capacity), growth faltering in infancy may be linked to the impaired mucosal immunity mentioned above, thus further contributing to decreased intestinal resistance to bacteria and a resultant inflammation in the intestinal epithelium. Mycotoxins are recognized as potentially influencing barrier function in this way [49] . Indeed, in Gambian children both enteropathy and growth retardation were associated with increased translocation of antigenic macromolecules from the gut lumen, with subsequent systemic immune stimulation [40, 45] .
Intervention strategies against aflatoxins
Aflatoxins are clearly of public health importance, although at present the full scale of their impact is difficult to estimate (see Conclusions). Nevertheless, the effects on hepatocellular carcinoma and acute aflatoxicosis and the observations in relation to child growth suggest that reducing exposure is a valid public health goal. In addition, reducing contamination of foods with aflatoxins would have benefits by reducing spoilage in communities where food is often scarce and by making the products more marketable [50] . Even at a local subsistence farm level in Guinea, for example, there is a degree of local marketing of groundnuts, and less spoilage would result in increased opportunities in this regard. Nevertheless, the intervention approaches adopted have to be pragmatic in the face of conditions in the populations where they are implemented.
The problem of aflatoxins and food security has to be considered in the context of food sufficiency. Aflatoxin contamination is frequently superimposed on severe problems of food production, storage, and availability. For example, a third to a half of populations in the West African region are living in poverty, and the available daily energy intake per capita is typically lower than 2,500 kcal [51] . There is a marked seasonal variation in food availability, resulting in the so-called "hungry period" when nutrition is inadequate. As a result, even clearly moldy food may be eaten, as seen in the recent aflatoxicosis cases in Kenya discussed above. This interplay between the adequacy of food and the safety of food is therefore crucial when addressing the problem of aflatoxins.
A number of strategies at either the individual or the community level for reducing aflatoxin exposure or the biological effects once aflatoxin has been ingested have been discussed [52] and are summarized in table 2. At the community level these include preharvest interventions (for example, better irrigation; use of pesticides, fungicides, biocontrol, or genetic modification to improve crop resistance; and timely harvest) and postharvest measures (for example, better drying and storage; and sorting of contaminated grain). At the individual level, a change in dietary practice to avoid commonly contaminated foods or chemoprevention approaches have been explored. In our own studies in West Africa, we have focused on postharvest measures, because much of the contamination occurs at this stage and postharvest approaches are generally simple and cheap compared with some other strategies; we particularly wished to consider methods that could be implemented at the subsistence farm level rather than the larger-scale approaches such as hazard analysis and critical control point, which are less easily applicable to small-scale farmers.
In a community intervention study in Guinea [27] , we implemented postharvest measures on the ground- 
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Aflatoxin exposure in developing countries nut crop; groundnuts are the main dietary staple in the lower Kindia region of Guinea where the study was conducted. None of the introduced practices were new to the local farmers, but they are typically used sporadically and without any standard practice. Specifically, the intervention package consisted of drying the crop thoroughly in the sun, drying groundnuts on mats rather than the ground, hand-sorting to discard visibly moldy kernels or nuts before storage, use of natural fiber sacks for storage rather than plastic bags that promote humidity, placing storage sacks on wooden pallets to avoid dampness, and using insecticides to reduce insect damage to the crop. The intervention was conducted over a 5-month period in 20 villages: 10 intervention villages and 10 controls. The control villages were following their usual postharvest practices. AF-alb was measured in 600 subjects at three time points. In the control villages, the mean AF-alb level increased postharvest, whereas in the intervention villages, the level after 5 months of storage was similar to that immediately postharvest. The mean levels at this time were 60% lower in the intervention than in the control villages (p < .001)( fig. 2A) . The percentage of subjects with nondetectable AF-alb at the time of harvest was approximately 30%, but whereas the percentage decreased to 2% 5 months later in control villages, almost 20% of individuals in the intervention group had nondetectable levels at the same time (p < .001)( fig. 2B) . The mean level of AFB1 in groundnuts in household stores in the intervention and the control villages mirrored the pattern seen for AF-alb. The effectiveness of this intervention suggests that significant reductions in exposure to this potent environmental toxin can be achieved by using lowtechnology approaches at the subsistence farm level in sub-Saharan Africa.
This work provides evidence that aflatoxin exposure is preventable at the community level at low cost. For the first time, the use of the AF-alb biomarker permitted the overall impact on exposure to be assessed when implementing aflatoxin reduction measures targeted at a specific crop, as opposed to simply demonstrating lower levels of toxins in specific food commodities in field trials. Future interventions should consider the impact of reduced aflatoxin exposure on health outcomes such as child growth and immunity to provide a better indication of the benefits of such strategies, not just in reducing exposure but also in reducing morbidity in these populations.
Conclusions
Collectively, the studies in West Africa have revealed the ubiquitous contamination of foods by aflatoxins and the high level of exposure to them throughout life. Aflatoxins are potent toxins and carcinogens for which little has been done to reduce exposure in middle-and low-income countries, despite awareness of the problem for over 40 years. In fact, it is ironic that aflatoxins drew more attention when recently highlighted as potential chemical weapons in Iraq [53] or even as acute environmental poisons than they did as risk factors for the major public health problems of liver cancer and, potentially, child morbidity and mortality (table  3) . The scale of the former consequences of aflatoxin exposure is dwarfed by the impact these toxins have if they truly impair growth and immunity in children and contribute thereby to the 4.5 million childhood deaths in sub-Saharan Africa each year.
The development of affordable and acceptable intervention strategies, such as those demonstrated for groundnuts in Guinea, must be prioritized together with further etiologic studies of aflatoxins, immunity, and child health. These parallel approaches, informed by expertise in both the agricultural and the health FIG. 2. A. Aflatoxin-albumin adduct (AF-alb) levels in the intervention and control groups at each of the three main surveys. B. The percentage of individuals with nondetectable AF-alb in the intervention and control groups at each of the three main surveys. Source: Turner et al. [27] S378 C. P. Wild sectors, will provide the foundation and rationale for effective approaches to prevention in affected countries. In addition, an understanding of the economic costs and benefits, both to agriculture and to health, of reducing aflatoxin exposure [50] is an important part of the information needed by governments in developing countries, where decisions about public health interventions are mostly made in the context of extremely limited budgets. 
